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H O T  CORROSION E V A L U A I ’ I O N  DP A L U M I N I D E  C 3 A P E D  3UPERALLOP3 IN 
SUPPORT 3 F  AN ASTE ROUND ROBIN PR33RAfl 
by 3 i l b e r t  S s n t o r a  
L e w i s  R e s e a r c h  Z e n t ? r  
StJHflA BY 
T h e  cur rea t  lack  3f a s t a n d a r i i z e j  z v 3 l u n t i o n  test  f D r  
the h o t  z o r r s s i o n  r a s i s t a n c e  of co3ted a l l 3 p s  has prompte - l  
ASTH C o m m i t t e e  C-22-6 t o  i n i t i a t e  3 r o u n d  r D b i n  p r o g r a m ,  
Uhile p a r t i c i p a t i n g  i 3  t h i s  p r o g r a m  L s R C  z D n 3 o c t e 3  a n  
i n v e s t i g a t i o n  n o t  o n l y  t 3  f u l f i l l  t h e  roun j .  r o b i n  
r e q u i r e m e n t s  t 3  eva lua ta  c o a t e d  s u p e r i 4 l o y s  u n d e r  c o n t r 3 l l e . 1  
tes t  c o n d i t i o n s  b u t  t o  p r o v i d ?  a d e s c r i p t i m  Df t h e  
c o r r o s i o n  p r o c e s s  by  wtpizh  t h e  c D a t i n g s  f a i l e 3 .  
Two c o m m e r c i a l  I l u r n i n i z i d  z ~ a t i n g s  3 n  t h r e e  
s u b s t r a t e s  ( I N - 7 1 3 C ,  I?1-100 a n d  8-1900)  a e r a  n o t  c 3 r r 3 3 2 9  a t  
900°C i n  a 0.3 mach b u r 3 e r  r i g  w i t h  Sppm s y n t h e t i c  s e a  s n l t  
a n d  a t  two c y c l i n g  f r e l Jenc ie s ,  E r t e n s i v e  p ~ s  - e x p o s u r e  
e x a m i n a t i o n s  were c o n d u z t e 3  on t h i  c o r r 3 9 e d  s p e c i m e n s  sazh 
a s  m e t a l l o g r a p h y ,  x - r 3 y  d i f f r 3 z t i o n ,  s z a n n i n ?  e l e s t r o n  
m i c r o s c o p y ,  m i c r o p r o b .  r a s t e r  s z n n s ,  a n 1  s p e z t r o g r i p h i z  
a n a l y s e s ,  T h e r m o d y n a m i c  c a l c u l a t i 3 n s  were made of t h e  
e q u i l i b r i u m  b u r n e r  f l i m s  c o m p o s i t i a n  a n d  t h e  c a l c u l a t i a n s  
were c o m p a r e d  t o  t h e  z x p e r i m e n t a l  f i n d i n y s .  
It  was f o u n d  t h n t  L o c n l i z z d  so all in^ of t h e  s D a t i 3 g s  
p r e c e d e 9  c s a t i n g  f a i l u r e ,  I t  was s u g g e s t e l  t h a t  t h e  
s p a l l i n g  of t h e  c o a t i n g s  was d u e  t s  t h e  f o r m a t i o n  of 
l o c a l i z e d  stresses cause3 b y  t h e  3 i p l e t i o n  o f  c h r a m i n m  nn3 
a l u m i n u m  i n  t h e  coa t i13  a r  t h t  e n r i c h m e n t  of t h e  z a a t i a g  
w i t h  s u l f u r ,  F o r  t h e  n s t e r i a l s  a n d  test c a n d i t i o n s  
i n v e s t i g a t e d ,  i t  was f D u a d  t h a t  c o a t i n g  l i f e  u a s  d e p e n i e n t  
o n l y  u p o n  t h e  i n i t i a l  - a n t i n g  t h i c k n e s s  a n 3  n 3 t  an t h e  type 
of a l u m i n i z e d  c o a t i n g ,  t h e  s u b s t r a t e ,  o r  t h e  zyzle 
f r e q u e n c p ,  
I Nr R O D U  Cr I3N 
As new c o 3 t i n g s  f3r g a s  t u r b i n e  b l a d e s  a n d  v a n e s  a r e  
d e v e l o p e d  t o  r e r i s t  hot  z o r r o s i o n  a t t a c k  t h e y  a t e  comm:,nlp 
e v a l u a t e d  i n  b u r n e r  r i g  tests t o  e s t a b l i s h  t h a i r  p r o t e z t i D n  
a b i l i t y  ( r a f .  1) Z u r r j n t l y  t h a r a  is  n o  s t a n j a r 3  Z v a L u s t i D n  
t es t ,  T h u s ,  i t  is  3 i f f i z u l t  t a  c o m p a r e  o r  t a  u s e  t h e  test 
d a t a  from d i f f e r e n t  l a b a r a t o r i 2 s .  F o r  t h i s  r e a s o n  ASPI 
Committee Z - 2 2 . 6  i n i t i s t e 3  s n u n 3  r o b i n  p r 3 g r s a  3 n  t h e  h D t  
c o r r o s i o n  af m a t e d  s u p e r a l l o y s  w i t h  L2RZ 3s o n e  of t h e  
p a r t i c i p a n t s ,  L e R C  ha3  p r e v i o u s l y  p a r t i c i p a t e d  i n  t h e  r D u n 9  
r o b i n  o n  t h e  hot c o r r o s i o n  of u n c o s t e d  s u p e r a l l a y s  i n  w h i z h  
15 l a b o r a t o r i e s  expose3 i d e n t i z s l  n s t e r i a l s  u s i n g  s i m i l a r  
t e s t  c o n g i t i o n s  ( r e f , 2 ) ,  A c o m p a r i s o n  of t h i  r i s u l t s  
revesle3 t h a t  t h e  p a r t i s i p a n t s  v ? t e  i n  f a i r  a g r e e m e n t  as t o  
t h o s e  a l l o y s  w i t h  t h e  mast a n d  w i t h  t h e  l e a s t  cor ros ion  
r e s i s t s n c e  b u t  t h e y  wer? u n s b l z  t o  3 r a w  s f i n z r  z o n p s r i s : , n .  
I n  t h e  p r e s e n t  pr:,grsm t h i  p 3 r t i z i p 3 n t s  wzrs r e q u i r e d  
t o  e x p o s e ,  a t  ~ O O " C ,  t r a  commerical a l u m i n i d e  E o s t i n g s  
a p p l i e 3 .  t o  fN-713C,  I N - - 1 0 0  a n d  B-1900- E x p o s u r e  was t:, b e  
i n  t h e  c o m b u s t i o n  gsses af a b u r n e r  r i g  c o n t a r n i n g  s y n t h e t i c  
sea s a l t ,  T h e  i n i t i a l  t h i c k n e s s e s  of t h e  c o a t i n g s  were t o  
b e  m e a s u r e d  an3 t h e  tima t o  c o a t i n g  f s i l u r i  r x 3 r d e d .  
D u p l i c a t e  r u n s  were t o  be made using t e n  m i n u t e  c y c l e s .  
A t  L e R C  t h i s  p r o g r a m  vas e x t e n d e 3  bZyon3 t h a t  r e q u i r e d  
b y  t h e  ASTP: Committaa i a  a n  a t t e a p t  t o  i d e n t i f y  t h e  
c o r r o s i o n  p r o c e s s ,  r h s  a d d i t i o n a l  e f f a r t  t o w a r d s  t h i s  e n 3  
c o n s i s t e d  of a n o t h e r  s-tt of b u r n e r  r i g  e x p D s u r a s  a t  a 
d i f f e r e n t  z y c l e  f r e j u e r r c p  a n d  a f  e x t e n s i v e  pos t -exposure  
e x a m i n a t i o a s  of t h e  s p e z i n e n s ,  u s i n g  m e t a l l o g r a p h y ,  x-rny 
d i f f r a c t i o n  ( X R D )  , s c a i s i n g  e l e c t r 3 n  m i c r o s c o p e  (SEN), 
e l e c t r o n  m i c r o p r o b e  r a s t e r  s c a n s  a n d  s p e c t r 3 g r a p h i c  
a n a l y s e s .  Also  t h e r m a l y n i m i s  z a l c u l i t i o n s  u i r i  made 3f t h e  
e q u i l i b r i u m  b u r n e r  flsmi z o m p o s i t i D n  a t  t h ?  v i r i 3 n s  
t e m p e r a t u r i s  i n c l u d i n g  900Oc.  
T h i s  p a p e r  p r i s e l t s  the c o m b i n e d  r e s u l t s  of L e R Z q s  
c o n t r i b u t i o n  t o  t h e  round r o b i n  on t h e  h a t  ca r rDs i3n  3f 
coated alloys 3nd  a d e s z r i p t i o n  of t h s  ZDrrosi3n p r o c e s s  by 
w h i c h  t h e s a  c o a t i n g s  f a i l e d , .  
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EXPERXNENTAL PROCEDURES 
S p e c i m e n s  
T h e  s u b s t r a t e  a l 1 , y s  u s e d  i n  t h i s  s t u d y  were I N - 7 1 3 2 ,  
IN-100 a n d  8-1900- Eazh s u b s t r a t e  v a s  c o a t e d  w i t h  two 
d i f f e r e n t  a l u n i n i d e  c o a t i n g s  i d e n t i f i z a  b y  t h e  ASTM 
Committee o n l y  a s  c o a t i n g  A an9 c m t i n g  Bo 
I n  a l l ,  t h e r a  were s i r  s u b s t r 3 t e - c o a t i n g  z o m b i n a t i a n s ,  
three s u b s t r a t i s  each w i t h  two d i f f e r e n t  c o a t i n g s .  rest 
s p e c i m e n s  3€ t h e s e  s i x  Z o m b i n a t i D n s  a n d  t h e  u n c o a t e d  a l l o y s  
were c y c l i n d r i c a l l y  s h p e d ,  a b o u t  1- 3cm ( 0 - 5  i n c h e s )  in 
diameter by a b o u t  7,6cm : 3  i n c h e s )  l o n g .  
In order t o  c o n s e r v e  s p e z i r a c n s ,  the a s - r i = e i v e d  
e v a l u a t i o n s  were marie s f t e r  t h e  b u r n e r  r i g  e x p o s u r e s  o n  t h e  
base of t h s  s p e c i m e n s  ( t h a t  L e n g t h  w i t h i n  t h e  h o l d e r ) .  
T h e s e  e v a l u a t i a n s  c o n s i s t e d  of  d e t e r m i n i n c  t h e  i n i t i a l  
c o a t i n g  t h i c k n e s s ,  XRD, a n 3  m e t a l l o g r a p h y .  r h e  i n i t i a l  
c o a t i n g  t h i c k n e s s  was m s 3 s u r e d  on m e t a l l o g r s p h i c a l l p  
p r e p a r e d  c r D s s - s e c t i o a s  w i t h  a m i c r o s c o p i c  c3thetometer a t  a 
m a g n i f i c a t i o n  D f  103Xe  T h e  c o s t i n g  t h i c k n e s s  is d e f i n e d  i n  
t h i s  p r o g r i m  a s  t h a t  d i s t a n c e  €ram t h e  s u r f a c e  of t h e  
s p e c i m e n  t o  t h e  v i s u s l l y  u n a f f e c t e d  s u b s t r a t e ,  T h u s ,  
c o a t i n g  t h i c k n e s s  i n c l u d e s  t h e  d i f f u s i o n  z3ne b e n e a t h  t h e  
c o a t i n g  p r o p e r .  T h e  me3sured v a l u e s  sre l is ts i  i n  T a b l z  I 
a l o n g  w i t h  t h b  v a l u e s  fc3m t h e  vendor. E x c e p t  f o r  c o a t i n g  A 
on I N - 7 1 3 C ,  t h e  a g r a o m 3 n t  w i t h  t h e  u n i d e n t i f i e d  v e n d o r ' s  
v a l u e s  a r e  c o n s i d e r e d  3306, rhe p r e 9 o m i n a t e  p h a s e  d e t e c t e 3  
i n  t h e  c o a t i n g  b y  XR3 was 
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8NiA1 ( b s t a  n i c k e l  a l l m i n i d e ) ,  I n  most cases weak l i n e s  of 
a l p h a  a l u m i n a ,  u R124, i e r e  also o b s e r v e d ,  see T a b l e  11. 
F i g u r e  1, (a )  t h r o u g h  ( f ) ,  s h o w s  t h e  m i c r o s t r u c t u r e  D f  t h e  
a s - r e c e i v e d  c o a t i n g s  s n d  t h a i r  s u b s t r a t e s ,  B 3 t h  c 3 a t i n g s  
h a v e  c o m p l e x  m i c r o s t r u c t u r e s  w i t h  t h e  s t r u z t u r e  3f t h e  
d i f f u s i o n  2 0 n e  d e p e n d e n t  u p o n  t h a  s u b s t r a i t z ,  W i t h  t h e  
B - c o a t i n g s  e v e n  t h e  s t r u c t u r e  3f t h e  c o a t i n g  p r o p e r  seems 
s o m e u h a t  d e p e n d e n t  on t h e  s u b s t r z t a ,  E l e m e n t a l  a n a l y s i s  b y  
t h e  s c a n n i n g  e l e c t r o n  m i c c o s c o p e 9 s  e n e r g y  d i s p e r s i v e  x - r a y  
s p e c t r u m  shows t h a t  t h e  d a r k  p s r t i z l e s  in c o s t i n g  A t:, b e  
p r e d o m i n a t 2 l y  ( a l u m i n u m )  A l ,  p r o b a b l y  
d.1;.03, i n  c D r r e l a t i D n  w i t h  t h e  X R D  r e s u l t s ,  
c o a t i n g s  (A and B )  t h e  e l e m e n t s 1  d i s t r i b u t i m  i s  
q u a l i t a t i v e l y  t h e  sams ,  A s  a n  a x a m p l s  D f  t h i s  3 i s t r i b u t i 3 n  
t h e  d e t a i l s  f o r  c o a t i n g  A on IN-713C w i l l  be g i v e n ,  I n  t h e  
c o a t i n g  p n p e r ,  f i g u r a  2 ( a ) ,  t h e  i n t e n s i t y  of t h e  ( n i c ! ? l ) ,  
Ni, p e a k  p r e s o m i n a t e s ,  T h e  (chr3mium) ,  c r ,  a n d  t h e  A 1  p e a k s  
a re  a b o u t  t h e  s a m e  h e i j l r t ,  s b o u t  1 / 5 t h  t h a t  D f  t h e  l o i  p e a k ,  
T h e r e  is a l s o  a s l i g h t  i n d i c a t i o n  3f a ( t i t a n i u m ) ,  T i ,  p e a k ,  
T h e  C r  i n t e n s i t y  i n z r e i s e s  s l i g h t l y  n e a r  t h e  S i f f u s i D n  z a n e ,  
f i g u r e  2(b), I n  t h e  3 i f f u s i o n  z 3 n e  j u s t  balow 
I n  b o t h  
t h e  c o a t i n g  p r o p e r  t h e  N i  a n d  C r  p e a k s  h a v e  a b o u t  t h e  s a m e  
h e i g h t ,  f i g u r e  2 ( c ) .  P h e r e  ara  a l s a  a s m a l l  ( m o l y b d e n u m ) ,  
?lo, p e a k  a s l i g h t  A 1  p z i k  and s n  i n d i c 3 t i v n  3 f  a Ti p e a k ,  
I n  t h e  d i f f u s i o n  z o n e  n e a r  t h i  s u 3 s t r 3 t i V  f i j u r i  2 ( d ) ,  t h e  
N i  p e a k  a g s i n  p r e d o m i n a t e s ,  t h e  2r p e a k  has 3 i c r i a s e d  a n d  
t h e  Mo a n d  A 1  p e a k s  h a v e  r e m a i n e d  a b o u t  t h e  same. T h e r e  is 
here a m e a s u r a b l e  T i  psak, I n  t h e  s u b s t r a t e  n e a r  i t s  
i n t e r f a c e  w i t h  t h e  d i f f u s i o n  zone, t h e  r e l a t i v e  p e a k  h e i g h t s  
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a r e  N i z > C r  >>Mo > A 1  T i ,  f i g u r e  2 (e) 
B u r n a r  R i g  P r o c e 3 u r e s  
A l i s t i n g  of the b u r n e r  rig p f r a m e t i r s  s a 3  t h e  
- - p e c i m e n g s  t e m p e r a t u r a  p r D f i l e  a r e  g i v e n  in F f b l e  1x1. The 
r i g  was o p e r a t e d  a t  a v e l o c i t y  of 3 - 3  mach a n d  u s e d  t y p e  4 - 1  
f u e l  (ASTR D-1655) w i t h  a sulfur c 3 n t e n t  of 0-02 t o  0.05 
w e i g h t  p e r c e n t .  S y n t h a t i c  s e a  silt ( A S T l  D-1141) was i d 3 e 3  
t o  t h e  c o m b u s t i o n  c h a m b e r  st a c o n z e n t r 3 t i o n  oE Sppm, T h e  
r i g  a c c o m m 3 d a t e d  u p  t o  e i g h t  s p e z i m e n s .  E a ~ h  s p e c i m e n  
e x t e n d e l  5,08cm ( 2  i n c h e s )  a h v e  t h e  s p e c i m e n  bplier,  r h e  
t e m p e r a t u r a s  were messlred a p t i c a l l y  a n d  cDrracted u s i n g  t h e  
value from a c a l i b r s t i 3 n  r u n  i n  w h i c h  a t h e r m D c o u p l e  V ~ S  
embedded  w i t h i n  t h e  cen ter  o f  i s i m i l a r l y  s h s p e 3  dummy 
s p e c i m e n ,  2,54cm ( o n e  i n c h )  from its t o p  ( t h z  mi331e 3 f  t h e  
hot z o n e ) ,  Three sets 2 f  t e s t s  were c o n d u c t e d :  (1 )  
D u p l i c a t e  r u n s  of c o a t e i  alloys c y c : i n g  1 0  m i n u t e s  a t  
t e m p e r a t u r e  a n 3  t h r e e  m i n u t e s  of f o r c e 3  a i r  c s 3 l i n g ;  (2) 
Singular r u n s  of u n c o a t e d  3 l l o y s  u s i n g  the ssme cycle 3s i n  
( 1 ) ;  a n 3  ( 3 )  S i n g u l a r  r u n  of m a t e 9  a l l o y s  c y z l i n 3  Dnrr h D u r  
3 L  t e m p e r a t u r e  a n d  t h r e i  m i n u t e s  of f o r c e d  a i r  c o o l i n g ,  The 
first t w o  sets wsre R D J n d  Robin r e q u i r e m e n t s  u h i l e  t h e  
l a t t e r  was e x t r a  i n o r a e r  t o  d e t e r m i n e  i f  cycle f r e l u e n c y  
a f f e c t e d  s p a l l i n g .  
During a l l  r u n s  t h e  s p e c i m e n s  mer? p z r i o l i e a l l y  
i n s p e c t e d  a n d  w e i g h e d .  Initially t h i s  was  d o n e  a f t e r  asch 
20 cycles, B u t  b e c a u s e  of t h e  s h o r t  lives of t h e  c o a t i n g s ,  
t h e  i n t e r v a l  w a s  s h D r t 2 n e d  t o  a v e r y  f i v e  cyc la s ,  The 
i n s p e c t i o n  c o n s i s t e l  of a b i n o c n l s r  e x 3 m i n a t i D n  a t  a 
m a g n i f i c a t i o n  of 1OX f a r  t h e  p u r p o s e  of 3 a t a r m i n i n g  c D s t i n g  
f a i l u r e . ,  C o a t i n g  f a i l a r e  was d e f i n e d  by t h e  RSTm Round 
R o b i n  3 i r e s t i v e  a s  t h e  a p p e a r a n c e  of  a random p i t  w i t h  3 
d i a m e t e r  1 2 7 0  microns ( 5 0  m i l s )  or g r e a t e r  w h i c h  p e n e t r 3 t e 3  
t o  t h e  s u b s t r a t e ,  Z o m p l e t e  p e n e t r n t i o n  W ~ S  3 i s c e r n i b l e  by 
t h e  p r e s e n c e  of g r e e n  D x i a e  i n  the p i t . ,  The zol3r of t h e  
o x i d e s  fron t h e  c o a t i n g s  r a n g e d  from b r o w n i s h  t o  b l u e - g r e e n  
and were r e a d i l y  d i s t i n g u i s h a b l e  from the g r e e n - y e l l o w i s h  
o x i d e s  g r o w i n g  w i t h i n  t h e  p i t s  f o r  o n  t h i  u n z s a t e d  
s u b s t r a t e s )  T h e  u n c o a t e d  s l l o y s  wera a r b i t r 3 r l y  e x p ~ s s 9  
f o r  40 h o u r - s .  
T h e  p ~ s t  b u r n e r  r i 3  e v a l u a t i o n s  of t h e  s p e c i m e n s  were 
m o s t l y  made in t h e  sres of t h e  h o t  zona a n d  c 3 n s i s t e d  If 
XRD, s p e c t r o g r a p h i c  a n s l y s e s ,  m e t a l l o g r 3 p h y ,  S E N g  a n d  EnF 
raster s c a n s ,  
The rmDdynamic  c a l c J l a t i o n s  were m3dz u s i n g  t h e  d a t a  a n d  
t h e  NASA c o m p u t e r  p r ~ g c a a  d e s c r i b e d  i n  ref. 3. T h i s  
c o m p u t e t  p r o g r a m  i s  b a i e d  3n t h e  m i c i m i z a t i o n  of free e n e r g y  
a p p r o a c h  t:, c h e m i c a l  e q u i l i b r i u m  c s l c u l a t i a n s  s u b j e c t  t o  t h e  
c o n s t r a i n t s  of m a i n t s i n i n g  1 pro pa^ m d ~ s  b s l a a c e  be twezn 
r e a c t a n t s  s n d  p r o d u c t s .  The p r o g r a m  c i n  h 3 n l L - l  
s i m u l t a n e o u s l y  u p  t o  f i f t e e n  s e p a r a t e  r e a c t a n t s  com. > s e d  of 
u p  t o  f i f t e e n  chemicsl  e l e m e n t s  a n d  c a l c u l a t e s  the 
c o m p o s i t i o n  of p r o d u c t  m i x t u r e s  = o m p o s e 3  of u p  t:, 150 
s e p a r a t e  c o n d e n s e d  o r  j s s e o u s  s p e c i e s ,  
I 
RESULTS 
Weight c h a n g e  r e s u l t s  a r e  g i v a n  i n  f i g u r e  3, (a )  
t h r o u g h  ( f ) ,  for t h e  10 m i n u t e  c y c l e  r u n s  in3 i n  f i g u r e  4, 
(a )  t h r o u g h  ( c ) ,  f o r  t h e  o n e  h o u r  c y c l e  r u n s ,  r h e  d a t a  
p o i n t s  whare c o a t i n g  f3ilures uere f i rs t  o b s e r v e d  a r e  markeE 
w i t h  nF", Host o f t e n  c o a t i n g  f a i l u r e  was p r e c e d e d  b y  a 
Zecrease i n  t h e  s l o p e  of t h e  w e i g h t  c h s n g e  c u r v e ,  i n d i c a t i n g  
t h e  o n - s e t  of s p a l l i n g .  I t  was o b s e r v e 9  t h a t  t h e  s p a l l i n g  
was n o t  r es t r ic ted  t3  t h e  o x i d e  scsle,  T h e  z o s t i n g  a l s 3  
s p a l l e d ,  U s u a l l y  t h e  Z 3 a t i n g  b e g a n  t o  s p a 1 1  s h o r t l y  bef3re 
c o a t i n g  f a i l u r e ,  i c e , ,  t h e  t ime when t h e  s l o p e  D f  t h e  w e i g h t  
c h a n g e  c u r v e s  decreasel,  For a x a m p l e ,  w i t h  z a a t i n g  B 3 n  
IN-100 n o  s p a l l i n g  o f  t h e  c o a t i n g  u a s  o b s z r v 2 1  lip t o  33 
h o u r s  a t  t e m p e r a t u r e ,  f i g u r e  5 ( a ) ,  After 3 3  h o u r s  t h e  s l o p e  
of t h e  w e i g h t  c h a n g e  c u r v e  decreaseds  f i g u r e  3 ( d ) a  S f t e r  45 
h o u r s  t h e  c o a t i n g  f a i l e3 . .  A p i t  vas  o b s e r v e 3  i n  o n e  of t h e  
a r e a s  v a c a t e d  b y  t h e  s p 3 l l e d  c o a t i n g ,  f i g u r e  5 ( b ) ,  F a i l u r e  
p i t s  were o f t e n  f o u n d  i n  dress where t h e  2 3 a t i n g  h a d  
s p a l l e d .  A m a g n i f i e 3  v i e w  of a p i t  i n  snzh a n  a r e a  is sh3wn 
in f i g u r e  S ( Z ) -  T h u s  s p a l l i n g  of t h e  m a t i n g  i s  a f a c t o r  i n  
c o a t i n g  f a i l u r e ,  
C o a t i n g  f a i l u r a  t imes a r e  p r a s e n t . 2 3  i n  T a b l e  fV. T h e  
d a t a  a r e  for 10 m i n u t e  syc l e  r u n s  ( d u p l i s a t e s j  a n d  f3r 3ne 
h o u r  c y c l e  r u n s ,  When t h e  d a t a  3rs s p i z i f i e 3  ss time t a  
f a i l u r e  p e t  u n i t  i n i t i a l  c a a t i n g  t h i c k n e s s  i t  is  seen t h s t  
s p e c i f i c  time t o  f a i l u r e  i s  r e l a t e 3  e s s e n t i a l l y  t o  i n i t i a l  
c o a t i n g  t h i c k n e s s  a n 9  is a p p a r e n t l y  n o t  3 e p e n j e n t  o n  cycle 
f r e q u e n c y ,  s u b s t r a t e  c 3 m p a s i t i o n ,  o r  t y p t  of z o a t i n g  ( A  3r 
B) C o a t i n g  f a i l u r e  o c c u r r e d  r a n d o m l y  a l o n g  t h e  e x p o s e d  
l e n g t h  of  t h e  s p e c i m e n ,  i c e o ,  sometimes i n  t h e  h o t  z a n e  
( z o n e  of maximum t e m p e r a t u r e )  a n 3  o t h e r  times a b o v e  3r belDw 
t h e  h o t  z o n e ,  Plost o f t e n  more t h a n  one f a i l u r e  p i t  was 
o b s e r v e d  i n  t h e  same s p e c i m e n ,  I n  most Df t h z  coa ted  
s p e c i m e n s  f a i l u r e  occurred o n  t h a t  s u r f a c e  of t h e  p i n  f s c i n g  
away from t h e  f lame ( t h e  b a c k s i d e ) ,  I t  i s  p r 3 b a b l e  t h e  
b a c k s i d e  t e m p e r a t u r e  is h i g h e r  t h a n  t h e  f lsma s i d e  
t e m p e r a t u r e ,  T h e  c i rcAlar  a r r a n g e m e n t  of t h e  s p e c i m e n s  i n  
t h e i r  h o l d i r  mzip p r e v e n t  t h e  h e a t  froa r a d i a t i n g  a s  r e s d i l y  
from t h e  b a c k s i d e  a r ea  3 s  from t h e  f lame s i d e ,  3f t h e  
u n c o a t e d  a l l o y s ,  IN-713:: was  t h e  most c o r r 3 s i a n  r e s i s t a n t  
a n d  IN-100 t h e  l e a s t  r e s i s t a n t ,  f i g u r e  ;e B u t ,  a s  was  2 3 t e a  
a b o v e ,  t h e  s u b s t r a t e  cremistry a p p a r e n t l y  302s n o t  a f f e c t  
c o a t i n g  l i fe .  
Table  I1 lists t h e  p o s t  e x p o s a r e  X R D  results, T h e  
p r e d o m i n a t e  o x i d e  a l o n g  t h e  e n t i r e  l e n g t h  D f  211 t h e  p i n s  
was a A $ 3 3 *  
wer? o b s e r v e d  b u t  f D r  s i m p l i c i t y  t h e y  were a l l  l i s t e d  i n  t h e  
Table a s  (sc ' i u m - s u l f a t e ) ,  Na2S0 40 F i g u r e  7, ( a )  t h r w g h  
( f )  shows p h o t o m i c r o g r a p h s  of t h e  c r o s s - s e c t i D n s  f r o m  :he 
hot z o n e s  2 f  the c o r r o j e d  coa ted  s p e c i m e n s  a f t e r  t h e i r  
c o a t i r , g  ha3  f a i l e d ,  Much of  t h e  o x i d e  s z n l e  3 3 s  s p a l l e 3  3 f f  
a n d  t h a t  w h i c h  r e m a i n s  i s  p o r o u s  a n d  t h e r e f o r @  p r o b a b l y  
n o n - p r o t e c t i v e ,  B e n e a t h  t h e  oxide Scale  most 3f t&e c o 3 t i n g  
s t i l l  p e r s i s t s  b u t  i t  h a s  u n d e r g o n a  a 3 i s c a r n 3 b l e  c h a n g e  i n  
i ts  m o r p h o l o g y .  I n  t h e  a r e a  of 3 p i t ,  EiTurs 9 ,  t h e  m a t i n g  
is c o m p l e t e l y  consumed  a n d  m u c h  of the oxide s c a l e  h a s  
s p a l l e d ,  F h e  r e t a i n e d  s c a l e  is c o m p l e x ,  p o r o u s  a n d  c o n t a i n s  
V a r i o u s  c r y s t a l l i n e  forms of s d l w  s u l f a t e  
n 
l o n g  d i a g o n a l  c r a c k s . .  T h e  e n e r g y  d i s p e r s i v e  x-ray s p e c t r u m  
p r o v i s i o n  3f t h e  SEll a33 raster s c i n s  from t i t  e l e c t r o n  
p r o b e  r e v e a l  a d e p l e t i D n  of t h e  A 1  a n d  C r  c o n c e n t r a t i o n  i n  
w h a t  is  l e f t  of t h e  c o n t i n g  a f t e r  co r ra s ioc ,  T h i s  d e p l e t i o n  
was o b s e r v e d  i n  t h e  c o s t i n g  p r o p e r  a n d  in t k s  3 i f f u s i o n  z 3 n e  
a n E  a c c o u n t s  f3r t h e  c h a n g e  i n  t h e  m o r p h o l o g y  3f t h e  c D a t t i n g  
n o t e d  a b o v e ,  T h e  d i s t r i b u t i o n  of the e l e m e n t s  in t h e  
s u b s t r a t e  j u s t  below t h e  d i f f u s i o n  z o n e  was n D t  a l t e r e d ,  R 
c o m p a r i s o n  of f i g u r e  9 w i t h  f i g u r e  2 ( c )  p r D v i 9 e s  a n  e x s m p l e  
of t h e  d e p l e t i o n  w i t h i n  t h e  d i f f u s i o n  z3na, F 3 r t L c u l a r l y  2 f  
t h e  c r .  T h e  d i s t r i b u t i o n  of s u l f u r  i n  t h e  cor ro3e3  
s p e c i m e n s  is a l s o  of i2 terest .  T h i s  e l e m e n t  was d e t e c t e f i  in 
t h e  s c a l e  n e a r  t h e  s c a l e - c o a t i n g  i n t e r f a c e  a n 9  t h r o u g h o u t  
t h e  c o a t i n g  p r o p e r  b u t  n o t  i n  t h e  3 i f f u s i o n  zane, I t  was 
f o u n d  b y  ras ter  s c a n  t3 exist i n  c l u m p s  r a t h e r  t h a n  being 
u n i f o r m a l l y  d i s t r i b u t e d . ,  F i g u r e  1 3  is  a n  e x s m p l e  of t h s  
s u l f u r  d i s t r i b u t i o n . .  
R e s u l t s  of t h e  t h s r m o d y n a m i c  c a l c u l a t i a n s  a r e  p r e s e n t e d  
i l l  T a b l e  V u  The i m p u t  t o  t h e  c o m p u t e r  p r 3 3 r s m  b a s e d  3% t h e  
b t i r n e r  L i g  p a r n e t e r s  u s e d  i n  t h i s  Round R o b i n  p r o g r a m  ?ire 
listed iii T a b l a  ? ( A ) ,  S e l e c t e d  r ; r s d u c t s  of t n 3  c o m ~ u t e r  
i e a d o u t  arz  g i v e n  i a  T 3 b l e  V ( B ) .  P r o d u c t  c 3 n c e n t r a t i o n s  
a l e  l i . s t e d  f o r  two t e m p e r a t u r e s ,  166bz (the f l a m e  
t e m p e r a t u r e )  a n d  900':: ( t h e  maximum meti l  t e n p e r a t u r e )  The 
c o n d e n s e d  p h a s e s  a t  900': were f o u n d  t o  b e  Na S O L ,  Rg9, 
( m a g n e s i a )  a n d  CaO ( c a l c i a ) ,  T h e  molar r s t i o s  of t h e i r  
c a t i o n s  were c a l c u l a t e 1  a n d  compared to t h e  c o n c e n .  - a t i m  of  
t h e s e  e l e m e n t s  f o u n d  b y  s p e c 4  : s r a p h i c  a n a l y s a s  of t h e  s3Lt 
c o n d e n s e d  3 n  t h e  c o s t e 3  s p e c i n , ? n s .  T h i s  c o a p a r i s o n  is 
2 
10 
l i s t e d  i n  T a b l e  V(C) an3 is q u a l i t n t i v s l p  i n  n g r e e r e n t ,  
i n e u O  t h e  nmoun t  of (s : ,dium),  Na, > ( m a g n e s i u m ) ,  Hg > 
( c a l c i u m ) ,  Cao Q u a n t i t a t i v e  a g r e e m e n t  o u g h t  n o t  t o  be 
e x p e c t e d  a s  t h e  a n a l y z a d  d e p o s i t s  c o n d e n s e d  a t  v a r i o u s  
t e m p e r a t u r e s  d u e  t o  t h e  t e m p e n t u r 3  g r a d i e n t  a l o n g  t h e  
s p e c i m e n  a s  l i s t e d  i n  r a b l e  I I I ,  F u r t h e r  t h a  computer 
r e a d o u t  shows t h a t  Na2534 c o n d e n s a t i o n  is v e r y  t e m p e r a t u r e  
s e n s i t i v e ,  
c a u s e  a b o u t  a 4 5 %  c h a n g e  in t h s  mole f r a z t i o n  c o n c e n t r a t i 3 n  
of E e p o s i t e d  Ne2 S o b .  
A 30' C t e m p e r a t n r e  v a r i a t i o n  from 90': w i l l  
DISCUSSION 
A number  of e x p l a n 3 t i o n s  t o  a c c o u n t  f o r  h o t  c o r r o s i o n  
h a v e  b e e n  p u b l i s h e d  (ref, 4-9)- An e x c e l l e n t  r e v i e w  of t h e  
e n t i r e  field is  g i v e n  in ref .130 It is g e n e r f f l y  a g r e e d  
t h a t  t h e  c u l p r i t  i n  h o t  r o r r o s i o n  i n  gss t u r b i n e  e n g i n e s  is 
Na2SOby f o r m e d  when i n g e s t e d  s a l t  i n  t h e  a i r  r e a c t s  with t h e  
s u l f u r  i n  t h e  f u e l ,  
2NaCl (g )  + A Z O  (3) +SO (9)  = la2S3  4(g1 + 2 H Z l ( g )  
3 
B u t  a n e c e s s a r y  c o n 3 i t i D n  €or h o t  c o r r o s i n n  t o  o c c u r  i s  t h a t  
t h e  ii? S o b c o n d e n s e s t  
Na ,S34(g)  = N5 S 3 i  ( c )  
L 
From T a b l e  V ( B )  it is s s ? n  t h a t  N a 2 S 0 4  3 u 3 h t  t:, b e  p t 3 d u c e d  
i n  t h e  b u r n e r  f l a m e  a n d  t h . i t  i t  o u g h t  t3 a n 3 d s e  3 n  t h e  
e n t i r e  e x p o s e d  s u r f a c e  af t h e  s p e c i m e n s  u n d e r  t h e  c o n d i t i o n s  
of t h i s  tes t ,  T h e  e x p e r i m e n t a l  r e s u l t s  c o n f i r m  these 
e x p e c t a t i o n s ,  A l o n g  t k e  e n t i r e  e x p o s e d  s u r f a c e  3 f  t h e  
s p e c i m e n  t h e  p r e s e n c a  o f  s o d i u m  s u l f a t e  u a s  3 z t e c t e d  by XRD 
a n d  thz c a t i o n s  o f  t h e  p r e d i c t a d  c o n d e n s e 3  silts were 
d e t e c t e d  by s p c t r o g r s p h i c  a n a l y s e s ,  T h u s  f a i l u r e  p i t s  were 
f o u n d  in t h e  h a t  z o n e  3s well a s  o u t s i d e  t h e  h o t  z o n e ,  
I t  h a s  b e e n  o b s e r v e d  t h a t  a A1203 scales  are p r o n e  t o  
s p a l l  i n  cyc l ic  t e s t s "  b o t h  i n  p u r ?  o x i d a t i o n  r n d  i n  h D t  
c v r ~ ~ s i ~ r i  fief. 111.. The  s c s l e s  of t h a  c o 3 t e j  alloys i n  
t h i s  p rogr s rn  do s p a L l o  B u t  t h e  sca les  cre p o r o u s  a n d  
p r o b a b l y  non.  p r o t e c t i v i ,  So  s c a l e  s p a l l i n g  i s  p r o b a b l y  i3t 
a s i g n i f i c a n t  f a c t o r  i n  t h e  c o r y o s i o n  p r o c a s s .  More 
i m p o r t a n t  is  t h e  f a c t  t h a t  t h e  c o a t i n g s  s p a l l a d ,  T h e  
s p a l l a t i o n  o f  3 l u m i n i z e d  c o a t i n g s  h a s  been o b s e r v e d  bef  3re 
(ref.. 1 2 ) .  T h e  s p a l l i n g  was a t t r i b u t o d  t o  t h e  
s u s c e p t i b i l i t y  of  t h ?  b r i t t l e  c o a t i n g s  ( e,s iAl)  t o  t h e r m a l  
, hock ,  To 0:ercome t h i s  th2 31uminui.i c o n t e n t  a f  t h e  
c o a t i n g s  was d e c r e a s e 5  (ti, 2 2  2 4  i 2 i y h t  p e r z z n t )  in t h 3 t  
s t u d y  i n  the  h o p e  of 1 . w e r i n g  t h s  d u c t i l ? - t o - -  i2ri t t le 
: r a n s i t i o n  t e m p e r a t u r e . ,  Z o i t i n g  l i f e  w a s  inzi2ased b u t  t h e  
r o a t i . n g s  c D n t i n u e d  t 3  s p a l l .  Li1 the p r e s e n t  p r o g r a m  t h e  
s p a l l i n g  o f  t h t  c o a t i : ~ g s  o c c u r r e d  r a n d o m l y  a t  s m a l l  l o c i 1  
areas  a n d  sometimes e x t e n 3 e . l  t o  t h e  s u b s t r a t e  t h e r e b y  
d i z e c e l y  c a u s i n g  a failure p i t ,  ! last o i t e n  t h i  s p a l l  l i 3  
not extend t o  t h e  s u b z t r l t e  b u t  it 3 i d  p r D v i 3 e  a s h o r t i t  
p a t h  f o r  c , s r r o s i o n  t:, t h e  s u b s t r 3 t e  t h u s  c r s i t i n g  a 
t a r o r a . > l . e  s i t e  f r r  t h e  f 3 r m a t l o n  of  a f a i l u r e  p i t .  I t  i s  
also i m p o r t a n t  t o  nate t h a t  m o s t  o f  t h e  c o a t i n 5  d i d  n o t  
s p a l l . .  R a t h e r  i t  c o r r o d e d  ;Ilong a mo:e 3r l e s s  u n i f o r m  
f i o n t .  T h e  l o c a l i z e d  n i t u r e  of t h i  SI s t i o n  o f  t h e  
z o a t i n g s  s u g g e s t s  t h e  p r e s e n c e  o f  l o c s i  s t r e s s e s  i n  t h e  
c o a t i . j s ,  .+SF s t r e s s e s  n e e d  n D t  h a v e  b e e n  p r e s e n t  when 
I ,  
t h e  c o a t i n g s  were f a b r i c a t e d  b u t  :auld  h 3 v e  3 e v e l o p e i Z  d u r i n g  
c o r n s i o n  3s t h e  r e s u l t  o f  t h e  d e p l e t i o n  of e l e m e n t s  i 3  t h e  
- o a t i n g s  s u c h  3 s  t h e  A1 a n d  t h e  C r  o r  t h e  e n r i c h m e n t  of t h e  
c o a t i n g s  w i t h  s u l f u r .  r h i s  s u g g s s t i o n  i s  c o n s i s t e n t  w i t h  
t h e  o b s e r v a t i o n  t h a t  t h e  c o a t i n g s  i i d  n o t  begin t:, s p a l l  
u n t i l  well i n t c ,  t h e  t z s t ,  i . e . . ,  s h ~ r t l p  befor t  f a i l u r e  when 
the s l o p a  D f  t h e i r  ueiyht c h a n g e  c a r v e  b e g a n  t o  decrease, 
If t h e r m a l  s h 3 c k  h a 3  p r i m a r i l y  c a u s e d  t h e  s p a l l i n g ,  t h e n  t h e  
a a t i n q s  s h o u l 3  h a v e  b i g u n  t o  s p 3 l l  i m m e j i a t e l y .  F u r t h e r ,  
any s h o c k  i n d u c e d  c r s c k s  w o u l i  p r o v i d e  naw s u r f a c e s  f3r 
corrosion r e s u l t i n g  i r ,  sorrosion f i n g e r s  p i n e t r i t i n g  t h r 3 u 3 h  
t h e  c o a t i n g .  B u t  n:, ccscks i n  t h e  c o a t i n g  o r  c o r r o s i o n  
p e n e t r a r i o n s  were o b s e r v e d  (sei f i g u r e  7) The d e v e l o p m e n t  
of l o c a l i z e d  stresses i s  3150 z o n s i s t e n t  w i t h  t h e  n D t e 3  
i n s e n s i t i v i t y  sf f a i l u r e  times t 3  z h s n j a s  i n  z y z l e  
f r e q u e n c y .  D u r i n g  t h e  i n t e r q a l  r e q u i r e d  f o r  t h e  d e v e l o p m e n t  
of  stresses, Z i f f e r e n c s s  i n  c y c l e  f r e q u e  c y  D u q h t  not s f f ec t  
t h e  p r o c e s s  w h i c h  a t  this s t a g ?  i s  e s s e n t i i l l y  a 3 i f f u s i D n  
p r o c e s s .  3 n c e  t h e  s t r a s s e s  h a v e  3 2 v e l o p a 3  t o  t h 2  p o i n t  ~f 
e x c e e d i i ! ?  , ~ 3 t i n g  s t r e n 3 t h ,  t h 2  c o a t i n g  b e g i n s  t o  s p a l l  a n 3  
f a i l u r e  O C C U L S  s h o r t l y  a f t e r w a r d s .  The  s n o r t  i n t e r v a l  
b e t w e e n  t h e  time thi e 3 a t i n q  b ? g i n ?  t2 s p a l l  I n d  c: ,a t inq 
f a i l u r e  mirimizes a n y  i n f l u e n c e  z y z l e  f r ? q u i n z y  w a u l d  h s v e  
d u r i n g  this s t a g e  of thz p r D c e s s .  I t  c a n  b e  a s s u m e d  t h s t  
t h e  F e c h a n i s m  f o r  f a i l i r e  i s  s i m i l a r  f o r  bDth  c o a t i n g s  3 s  
t h e y  are b o t h  a1umini .de  c o a t i n g s  w i t h  s b 3 u t  t h e  same 
c o m p o s i t i o n ,  T h i s  s s s u m p t i o n  i m p l i e s  t h a t  t h e  
p a s t l c l e s  i n  t h e  A c 3 a t i n g s  h a d  n o  e f f s z t  o n  t h e  c o r r D s i 3 n  
process .  Since t h e  s J b s t r a t e  c o m p 3 s i t i o n s  h a v e  remair.ed 
A $  O3 
e s s e n t i a l l y  t h e  same d u r i n g  t h e  c o r r o s i o n  p r a z e s s ,  n e i t h e r  
c o n t r i b u t i n g  n o r  d e p l e t i n g  e l e m e n t s  from t h a  = 3 a t i n z j s ,  t h e  
s u b s t r a t e s  s h o u l d  nDt  p l a y  a major r o k  i n  t h i  c o a t i n g s '  
f a i i u r e <  
T h u s  l o c a l i z e d  s p i l l i n g  of t h e  c o a t i n g s  a n d  t h e  
f o r m a t i o n  of f s i l u r e  p i t s  i s  t h e  p r o c e s s  b y  uhich t h e  
c o a t i n g s  f s i l .  T h e  e x a c t  c a u s e  3f  th2 s p 3 l l i n g  of c h e  
c o a t i n g s  i s  rot knoun. S i n c e  most D f  t h e  c o a t i n g  c o r r o 9 e s  
a l o n g  a more or  less u n i f o r m  f r o n t  i t  c a n  be a s s u m e d  t h e  
s p a l l i n g  of t h e  c o a t i n g s  is d u e  t o  t h e  3 s v z 1 3 p m e n t  of 
l o c a l i z e d  s t r e s ses  w h i c h  may b e  r e l a t e 3  t o  t h ?  d e p l e t i 3 n  Df 
e l e m e n t s  froa the m a t i x g s  o r  t h e  e n r i c h r l r e n t  D f  t h e  c o 3 t i n g s  
by s u l f u r ,  B h a t e v e r  the c a u s e ,  : o a t i n 3  l i f e  i n  t h i s  s t u d y  
was d e p e n d e n t  o n l y  upon t h e  i n i t 1 3 1  costing t n i c k n e s s  a n d  
n o t  on  t h e  t y p e  of c D a l i n g  (A or B J ,  t h ?  s u b s t r a t e  ~r t h e  
c y c l e  f r e q u e n c y ,  
CONCLUS I 3 N S  
T h e  c a n c l u s i o n s  b i s e d  upon t h e  resu l t s  o b t a i n e d  i n  t h i s  
investigation of  t h e  hDt c o r r o s i o n  of t h r e e  a l u m i n i d e - z 3 3 t e d  
n i c k e l  b a s e  s u p e r a l l o y s  3re a s  fo l lows:  
1) F o r  t h e  m a t e r i a l s  a n d  t e s t  c o n 3 i t i o n s  i n v e s t i g 3 t e 3 ,  
time t o  c D 3 t i n g  f a i l u r a  is p r i m a r i l y  d e p e n d e n t  u p o n  i n i t i s l  
c o a t i i i g  t h i c k n e s s  ?;id n o t  upon  c o a t i n g  t y p e ,  s u b s t r a t e  
c o m p o s i t i o c  o r  cycle f r e q u e n c y .  
2) C o a t i n g  f a i l u r e  i s  d u e  t o  l o c a l r z a l  s p a l l i n g  Df t h e  
c o a t i n g  wh ich  leads d i r a c t l y  t o  a f a i l u r e  p i t  or  c rea t ,  = s  3 
f a v o r a b l e  s i t e  f o r  the s u b s e q u e n t  f o r m a t i o n  of a f a i l u r e  
p i t .  
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RIG: 0.3 mQch Pratt-Yhit-Y tspe. 
rmELt Type A-1, ASM D-1655. Diasolved sulfur content over one 
AIR- RATIO: Approximately g/l at one atmosphere pressure. 
SALT: 
-TuRE: metal temperature, 900OC. Temperature 
par period varied-fran 0.02 to 0.05 w e i g h t  percent. 
sppm synthetic sea salt, bsTM D - l l h l .  
profile given below, 
CYCLE: Ten minutee and one hour exposures a t  peak 
w i t h  three minutes cooling in forcexi air at 
Temperature Profile 
Distance fran 
top of specimen 
(4 (inches) 
0.64 0.25 
1.27 0.5 
l.9l 0.75 
2 054 1 .o 
3.18 1.25 
3.81 1.5 
l . l S  1.75 
860 
882 
8% 
896 
885 
870 
837 
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TABLE V. - THEIU40DYNAMIC ANALYSIS V I A  COMPRER PROGRAM 
(A) PROGRAM MPUTi 
Fuel camposition (AST# D-1655): 
Sulfur coctent of fuel : 
Fuel inlet temperature 
Composition of air 
Moisture in the air 
Salt concentration 
salt compositioA* 
Pressure : 
Inlet tanperatwe t 
A i r  t o  fuel r a t i o  : 
CH ~ 2 9 e ~ K -  -5300 cal/moles 
o .&S9%~t  percent 
298% 
N( 1.56176), O (  O.hl959) Ar(0.00732&) 
C(O.OOO~~O), Ai+ 8%- -28.2 cdl/mole 
one weight  preen? (aI\proximately 
SOg relative humidity at  29808) 
5Ppn 
salt m!r 
MgCl2 u.57 
Na2SO4 ll.&fJ 
cac12 3.25 
o m  atmosphere 
298oK 
KC1 1.93 
25/1 
* Program a.d data f x m  rei. ( 4  j. 
w The fin most abuiid8nt inwganiz s a l t s  which make up the ASTM 
standprd substitub ocean uater (ASTM D-ll&l). 
9oO°C is the meximUm specinen temperature ard 1649OC is the 
burner flame temperature. 
( 0 )  CO'L'P.4RISION WITH SPEC':IOCRAR!fC ANALYSIS 















